SUMMARY Morphologic analyses of lungs from infants who died of severe aortic stenosis shortly after birth have shown increased pulmonary vascular smooth muscle and an increased number of pulmonary resistance vessels. These findings have been thought to be caused by in utero pulmonary venous, pulmonary arterial or right ventricular hypertension. To study this problem in the fetus, we created aortic stenosis in 10 fetal lambs (97-115 days gestation). Fetuses were reoperated upon at 133-141 days gestation (mean 32.6 days aortic stenosis). The left ventricular-to-systemic arterial systolic blood pressure difference was measured in three fetuses and was abnormal (18, 22 and 
10.15 u, p < 0.01), resulting in an increased m/d ratio in aortic stenosis (0.22 i 0.03) compared with control vessels (0.16 ± 0.04, p < 0.007). The number of small muscular vessels per cm' lung tissue was decreased in aortic stenosis (74.3 ± 27.2/cm') compared with control lungs (167.3 ± 3.9/cm', p < 0.004). Differences between these findings and findings in human infants' lungs may be the result both associated lesions and age at time of death in human infants.
MORPHOMETRIC STUDIES in lungs from human infants who died from severe aortic stenosis or aortic atresia complex soon after birth have revealed an increase in pulmonary arterial smooth muscle and an increase in number of pulmonary resistance vessels (table 1) .1-4 Some investigators have postulated that fetal pulmonary venous hypertension,1 2 fetal right ventricular hypertension,3 or fetal pulmonary arterial hypertension. could account for their findings. Rudolph6 suggested that if combined ventricular output remained the same in the fetus with severe aortic stenosis, left ventricular output would diminish and right ventricular output would increase. Elevation of pulmonary arterial and right ventricular blood pressures would depend upon the ability of the fetal ductus arteriosus to dilate and accommodate increased right ventricular output ( fig. 1 ). Pulmonary venous hypertension might be caused by aortic stenosis if the foramen ovale could not decompress an increase in left atrial pressure.
Previous experiments' 7have indicated differences in the pulmonary vasculature between isolated experimentally produced fetal congenital heart lesions and findings from postmortum studies in human infants with associated lesions who have died at various ages. Therefore, we studied the pulmonary vessels in fetal lambs with isolated experimental aortic stenosis.
Material and Methods

Surgical Preparation
Ten pregnant ewes from 97-115 days gestation were given spinal anesthesia with 2-3 ml of 1% tetracaine HCI. Intraoperative anesthesia was supplemented with 1 mg/kg of ketamine and 0.01 mg/kg of i.v. atropine as needed. The uterus was exposed through a midline abdominal incision and a hysterotomy was performed. The left forelimb of the fetus was exteriorized and, with 1% Xylocaine local anesthesia, a left anterolateral thoracotomy was performed through the third intercostal space. The pericardium was opened and a #2 silk suture was passed around the pulmonary trunk to retract it caudally ( fig. 2 ). The ascending aorta was then identified and a #2 silk suture was passed around the ascending aorta above the aortic valve and proximal to the origin of the brachiocephalic artery ( fig. 2 ). The aortic suture was tied snugly about the aorta. The chest, uterus and maternal abdomen were closed and the ewe was allowed to recover.
Twenty to 38 days (mean 32.6 days) after operation, the ewes were again given spinal anesthesia and the uterus was exposed. (12) or as normal (less in 1); ingestation pulmonary venous with mitral atresia (6) creased number of vessels to 10 weeks pressure in utero postnatal Naeye3
Aortic and mitral atresia (7); Increased pulmonary smooth 0-7 weeks Thought to be due to aortic and mitral stenosis (6) as zero reference. Carotid, femoral and pulmonary arterial blood gas tensions and pH were determined using standard Radiometer electrodes.
Preparation of Lung Tissue
Soon after the fetuses died, the hearts and lungs were dissected free and prepared by methods previously described.9 Briefly, the pulmonary artery was perfused with 3% glutaraldehyde at the pulmonary arterial mean blood pressure measured in vivo or at normal pulmonary arterial mean blood pressure for the age of the fetus. Pressure of 10 cm H20 was used in the airways. Using a dissecting microscope, small tissue blocks were prepared. Sets of 150 7-,u serial sections were cut and stained with hematoxylin and van Gieson solution. Using the light microscope, fifth-generation resistance vessels were identified, photographed and measured. Mean medial width, mean external diameter and mean medial width/external diameter ratio were determined for 331 vessels from the six fetuses. These were compared by t test for independent means to 529 fifth-generation resistance vessels from six normal lamb fetuses previously studied.9 The normal lamb fetuses did not undergo sham operations. All the small muscular arteries in 25 randomly selected sections from lungs of the six study animals were counted. The sections were traced and planimetered and the numbered of vessels per cm2 of lung tissue was determined. Because the number of vessels/cm2 lung tissue increases with increasing gestational age in normal fetuses and because these fetuses died at 133-141 days gestation, vessel counts in the two oldest normal lamb fetuses at 135 and 140 days gestation were used for comparison. The t test for independent means was used to compare the number of vessels/cm2 lung tissue in normal and study fetuses.
Preparation of Fetal Hearts
In the fresh state the entire heart, including a segment of great vessels, was weighed in both study and control animals. The atria and great vessels were dissected free from the ventricles. 
Results
Aortic Stenosis
External examination showed mild-to-moderate poststenotic dilation of the aorta distal to the site of the stenosis (fig. 3A) . When the great vessels were opened, severe intraluminal stenosis was apparent ( fig.   3B ). The mean luminal diameter at the point of constriction was 1.7 ± 1.0 mm (n = 10), compared with 6.1 ± 0.7 mm (n = 5) (p < 0.01) in normal controls.
Physiology
The left ventricular-to-systemic arterial systolic blood pressure difference was abnormal in all three fetuses in which this measurement was made (18, 22 and 22 mm Hg) (fig. 4) 
Pulmonary Vessels
The mean medial width and the mean external diameter were smaller in vessels from the study fetuses than those from the control animals (table 3, fig. 5 ).
Although the medial width was smaller, the external diameter was also smaller, resulting in a greater medial width/external diameter ratio in the study group compared with the control group (table 4). The study fetuses had more small muscular vessels per unit of lung tissue than control fetuses (p < 0.004) (table 5). 
Heart
The heart weight in fetuses with aortic stenosis was significantly greater compared than the heart weight in control fetuses (table 6) If the ductus arteriosus could dilate to accommodate the increased right ventricular output, pulmonary arterial or right ventricular hypertension should not occur in the fetus. If the foramen ovale could not decompress an increase in left atrial pressure, pulmonary venous hypertension might occur. Even though the pulmonary vessels are thin-walled, they are smaller and therefore have a smaller luminal area. In addition, there are fewer vessels. Both of these factors might increase pulmonary vascular resistance, promoting more blood flow via the ductus arteriosus to the lower resistance placenta and decreasing pulmonary blood flow. Although we created significant anatomic and hemodynamic aortic stenosis in these fetuses, they had no evidence of pulmonary arterial hypertension. Pulmonary venous hypertension may have existed. Rudolph5 suggested that with impaired left atrial filling, higher oxygenated umbilical venous blood would be diverted from the left atrium to the right atrium, right ventricle and pulmonary arteries. Our few measurements were in the normal range; however, a blood oxygen tension that is even slightly greater than usual in the fetal pulmonary vascular bed may significantly decrease the stimulus to growth of pulmonary vascular smooth muscle and new pulmonary arteries ( fig. 1 ). Although the stimuli for normal growth and development of the pulmonary vascular bed in the mammalian fetus are unknown, we do know that fetal pulmonary hypertension,1" hypoxia12 and alterations of flow and pressure characteristics in the pulmonary vascular bed' 7, 13 can alter the morphologic features of the fetal pulmonary vasculature. In the fetus with aortic stenosis, a decrease in pulmonary blood flow and an increase in oxygen content of pulmonary blood may both decrease the stimulus to growth of pulmonary arterial smooth muscle.
The differences between these findings in isolated experimental aortic stenosis in the fetal lamb and those in human infants may be explained by associated lesions in the human infants and especially their age at death. After birth, the sudden elimination of the low-resistance placenta increases systemic vascular resistance, which increases left ventricular afterload, causing congestive heart failure. Congestive heart failure and increased pulmonary venous pressure may increase the pulmonary vascular smooth muscle in the first few days of life. Postnatal hypoxemia and acidemia, which occur in infants with severe aortic stenosis, may also cause constriction and increase the thickness of medial wall muscle in pulmonary vessels, even within a few hours or days. The differences between vessels from lamb fetuses with isolated experimentally produced aortic stenosis and those from human infants suggest that data obtained from studies of the lungs of infants who die even a few days after birth may not be applicable to the status of the pulmonary vascular bed in the fetus with congenital heart disease. 
